Introduction
Obsessive-compulsive disorder (OCD) is characterized by persistent intrusive thoughts and repetitive actions. Conventionally, evidence of brain alterations in OCD has been presented under a cortico-striato-thalamo-cortical circuit (CSTC) model that includes the frontal cortex, striatum, and thalamus as core implicated structures (Saxena and Rauch, 2000) . While it has undergone some modifications (Menzies et al., 2008; Milad and Rauch, 2012) , this model is still considered to be a conventional neuropsychological model of OCD. Persistent clinical symptoms are considered to arise from cognitive dysfunction that reflects the neural basis of this model. Recently, it has gradually become clear that the limbic network also could interfere with cognitive function in OCD patients and the relatives of the patients with OCD (De Vries et al., 2014; van Velzen et al., 2015) . Several neuropsychological studies support the hypothesis that the cognitive dysfunction of OCD relies on these CSTC and limbic networks, especially focusing on the dorsal striatum (dorsal caudate and putamen) and amygdala (De Vries et al., 2014; Milad and Rauch, 2012; Pauls et al., 2014; Vaghi et al., 2017; van Velzen et al., 2015) .
A number of functional neuroimaging studies have shown the importance of large-scale intrinsic brain networks to understand human brain function (Dosenbach et al., 2008; Fox and Raichle, 2007) . The important finding is that these resting-state functional brain networks can be associated with cognitive processes and can predict many cognitive functions (Keller et al., J o u r n a l P r e -p r o o f 5 behavior (Cocchi et al., 2014; Rieckmann et al., 2018) . There is much evidence of involvement of the dorsal anterior cingulate cortex (dACC) and anterior insula (AI), both of which are central nodes of SN, in OCD based on mega-analysis of structural changes (De Wit et al., 2014) . In recent meta-analyses using rsfMRI, OCD patients exhibited aberrant functional connectivity from FPN to SN, striatum, and thalamus (Gursel et al., 2018) .
Genetic and endophenotype studies have shown that OCD patients and their unaffected relatives share a common genetic linkage and neural basis (Cavedini et al., 2010; Grados et al., 2003; Wendland et al., 2009 ). According to Gottesman, an endophenotype is defined as "a measurable trait along the path between phenotype and distal genotype, reflecting a simpler clue to the genetic basis of a disorder than the syndrome itself" (Gottesman and Gould, 2003) .
A few cognitive dysfunctions and underlying brain functions, for example in working memory, cognitive flexibility, and response inhibition, and their neural bases, shared by OCD patients and their relatives are considered to be a candidate endophenotype of OCD (Bey et al., 2018; Cavedini et al., 2010; Chamberlain et al., 2007; De Vries et al., 2014; De Wit et al., 2012; van Velzen et al., 2015) . A recent neurocognitive model of OCD considers that inflexibility and difficulties of inhibition are key characteristics of OCD (Fineberg et al., J o u r n a l P r e -p r o o f interference from the amygdala to these networks could be a genetic vulnerability of OCD.
Recently, it is increasingly clear that there is a strong relationship between task-evoked functional connectivity and resting-state functional connectivity, and that the characteristics of a functional network during a task are shaped by a functional network in the resting state (Cole et al., 2014) . Therefore, unlike healthy individuals, OCD patients with the cognitive dysfunction may have a distinctive neural basis in the resting state, which could reflect neural inefficiency of the cognitive control networks or abnormal recruitment of the amygdala during cognitive tasks. The importance of the approach to investigate the brain-behavior relationship (for example, between dysfunction in neural circuits and cognitive dysfunction) has been proposed to understand mental illness as a dysfunction of brain networks (Insel et al., 2010) . A varying approach could be useful to clarify the dysfunction in biological system, and there have been important findings from the studies focusing the correlation between cognitive function and patterns of brain network in psychosis related disorder (Kristensen et al., 2019) or major depressive disorder (Albert et al., 2019) . In OCD, despite the importance of the relationship between the functional network during rest and impaired cognitive flexibility as a genetic vulnerability, few studies have directly investigated these neural correlates. It remains unclear whether cognitive inflexibility has different neural bases in healthy individuals and patients with OCD.
In this study, we focused on the impaired cognitive flexibility (set-shifting impairments) measured by WCST that might be implicated in OCD patients and their unaffected relatives.
So far, there is some evidence that the dorsal striatum and amygdala play an important role in J o u r n a l P r e -p r o o f 8 individuals has different neural bases during the resting state. Exploring the relationship between cognitive inflexibility and resting state brain network may provide novel information about the neurobiological basis of OCD. We hypothesized that, reflecting neural inefficiency, the OCD group would have abnormal relationships (non-or lower degree negative correlation) between the poorer performance of cognitive flexibility and the functional connectivity from the dorsal striatum to SN. Additionally, we also hypothesized that, reflecting aberrant interference from the limbic network, the OCD group would have abnormal relationships (positive correlation) between the poorer performance of cognitive flexibility and functional connectivity from the amygdala to SN.
Methods

Subjects
A total of 79 participants were recruited for this study, including 38 drug-free OCD patients and 41 healthy controls (HC) matched for age and sex. All OCD patients were diagnosed primarily using the Structured Clinical Interview for DSM-IV Axis I Disorders-Patient Edition (SCID) and fulfilled DSM-IV criteria. We ensured that none of them met the criteria for any current comorbid Axis I disorder and that all of them also fulfilled DSM-5 criteria.
No OCD participant had taken any psychiatric medication for at least four weeks, and nine patients were drug-naïve.
J o u r n a l P r e -p r o o f 9 neuropsychological test within a few hours on the same day. This study was approved by the Kyushu University Ethics Committee. All participants provided written informed consent prior to study commencement.
Clinical assessment
To assess the global severity of OCD symptoms, we used the Japanese version of the Yale-Brown Obsessive Compulsive Scale (Y-BOCS) (Nakajima et al., 1995) . No OCD patient was excluded due to Y-BOCS severity scores. The Hamilton Ratings Scales for Anxiety (HAM-A) (Hamilton, 1959) and Depression (HAM-D, 17-item version) (Hamilton, 1960) were also used to quantify the degree of anxiety and depression. The Japanese version of the National Adult Reading test (JART) (Matsuoka et al., 2006) was administered to estimate a participant's verbal intelligence quotient (IQ) ( Table 1) . Four trained and experienced clinical psychiatrists performed all the clinical assessments and neuropsychological tests. Demographic and clinical data were statistically analyzed using χ J o u r n a l P r e -p r o o f a Japanese computerized version of the Wisconsin Card Sorting Test, the Keio Version, which is standardized and commonly used in Japan (Hori et al., 2006; Kimura et al., 2015; Takahashi et al., 2008) . Four kinds of cards different from each other in color, number, and shape shown are shown in the upper part of the computer screen, while there is one card in the lower part of the computer screen. Participants were instructed to match the card following the three possible criteria: color, number, or shape. The correct criteria on how to match the card was not known to the participants before the pairing selection. The computer provides feedback whether their choice was right or wrong after each pairing selection, and all sets of cards change after every trial. In this study, we selected the percentage of perseverative errors of the Nelson type (%PE), which is the percentage of incorrect responses by selecting the same category chosen immediately before in spite of the negative feedback, as the main outcome.
Image data acquisition and preprocessing
All participants underwent MRI scanning on a 3.0-Tesla MRI scanner (Achieva TX, Phillips Healthcare, Best, The Netherlands) equipped with standard phased array head coils. A T2*-weighted gradient-echo echo-planar imaging (EPI) sequence (echo time (TE), 30 ms; repetition time (TR), 2500 ms; field of view (FOV), 212 × 212 mm; matrix, 64 × 64; slice thickness, 3.2 mm; flip angle, 80°) was acquired from each participant. During a 10-min real scan after an initial 10-sec dummy scan, we completed 240 real scans. During a resting-state fMRI scan, participants were instructed to relax with their eyes open and keep watching a grey cross on the screen. High-resolution T1-weighted anatomical images were also acquired (TE=3.8 ms; TR=8.2 ms; FOV 240 × 240 mm; flip angle 8°; slice thickness, 1 mm; inversion time=1026 ms) after each EPI image scan. After acquisition of all MRI image data, we used the Stanford-Sleepiness Scale to check the arousal level during the scan of all participants J o u r n a l P r e -p r o o f (Table 1) .
We used the CONN toolbox 17.f (http://www.nitrc.org/projects/conn) running on MATLAB R2016b version 9.1.0 (MathWorks, Inc., Natick, MA, USA) on MacOS 10.12.6 to analyze functional connectivity. After discarding the first four volumes, the remaining 236 volumes were preprocessed using the CONN toolbox default preprocessing parameters. Functional images were slice timing corrections based on the slice order, and realigned and normalized in accordance with the standard Montreal Neurological Institute (MNI) template. The six rigid-body parameters (translational and rotational) were estimated for each subject. The ART scrubbing procedure (https://www.nitrc.org/projects/artifact_detect/) was applied to exclude image artifacts due to head movement using the 97th percentile in a normative sample (with thresholds for motion = 0.9 mm and global signal z = 5). Signal noise from the white matter and cerebrospinal fluid were discerned. Next, fMRI data were band-pass filtered at 0.008-0.09 Hz, and all functional images were smoothed using a Gaussian kernel of 6-mm full width at half-maximum.
During image acquisition, one OCD patient was excluded due to extreme artifacts.
There was no significant difference between OCD and HC groups in motion parameters (max FD [t=1.45 p=.149] and mean FD [t=.90 p=.368] ).
Data analysis
We used predefined spherical seed regions-of-interest (ROIs) of the dorsal caudate (DC) and posterior putamen (PUT) as described in the literature (Vaghi et al., 2017 ). An ROI was created in each hemisphere as a 3 mm radius sphere (diameter=6 mm), and MNI coordinates were centered at DC (±12,6,14), PUT (±24,0,3). Amygdala ROIs were created from the AAL Harvard-Oxford atlas supplied by the CONN toolbox.
Following the preprocessing steps, the blood-oxygen-level-dependent (BOLD) signal time J o u r n a l P r e -p r o o f series correlation was calculated between each pair of sources for each participant across the resting-state time series, and then a Fisher z transformation was applied. Seed-based connectivity maps were generated from each seed ROI for each participant.
Then, to test our hypothesis, we examined the difference between the OCD and HC groups in functional connectivity associated with %PE by using an analysis of covariance (ANCOVA) model (using non-parametric analyses (permutation/randomization analyses), statistical significance was set at a voxel height threshold of p<.001, and the cluster-size threshold of p<.05 false discovery rate (FDR) corrected) implemented in the CONN toolbox (https://web.conn-toolbox.org). We compared the functional connectivity associated with %PE between OCD and HC, while controlling for age, gender, and verbal IQ (these variables are commonly controlled for when examining the relationship of a brain network and behavior (Albert et al., 2019; Cha et al., 2015; Posner et al., 2017) ). Connectivity values for significantly different clusters between groups were examined to determine the direction and coefficient of correlation with %PE for each group. Supplementarily, to examine whether these networks were specifically associated with impaired cognitive flexibility or overlapped with a brain network associated with other cognitive deficits, we performed additional ANCOVA to explore functional networks associated with non-PE related scores in WCST.
Following the previous literatures (Aizawa et al., 2012; Nyhus and Barcelo, 2009; Wang et al., 2018) , difficulties of maintenance set (DMS: reflect response consistency associated with memory and sustained attention), efficient errors (reflect efficiency of try and error process of hypothesis testing necessary to successfully execute the task) and numbers of response cards until the first category was achieved (NUCA: reflects conceptual ability) were used as covariates of interest in additional ANCOVA. We also controlled for age, gender, verbal IQ, and %PE scores in these additional ANCOVA. Statistical significance was set at a voxel height threshold of p<.001, and the cluster-size threshold of p<.05 false discovery rate (FDR) J o u r n a l P r e -p r o o f 13 was corrected by using non-parametric analyses (permutation/randomization analyses).
Results
Clinical characteristics
One OCD patient was excluded due to extreme artifacts during image acquisition, and one HC participant was excluded for an outlier %PE score (above the third quartile + 1.5× interquartile range (IQR)). Therefore, this study included 37 Japanese obsessive-compulsive J o u r n a l P r e -p r o o f 14 3.3 Between-group differences in functional network associated with cognitive flexibility We found group differences in the association between the functional connectivity from DC to AI and dACC and the impaired cognitive flexibility (a voxel height threshold of p<.001, and the cluster-size threshold of p<.05 FDR corrected) (Table 2, Figure 1 ). In association with DMS, NUCA and efficient errors, the pattern of functional connectivity was not similar to that of %PE (Data in Brief: Supplemental Table S1 ).
In the OCD group, greater functional connectivity from DC to AI and dACC was associated with higher %PE (Figure 1) . Meanwhile, the HC group showed the inverse functional connectivity pattern associated with higher %PE (Figure 1 ). After controlling for the DMS, NUCA and efficient errors in second-level ANCOVA analyses, these results remained unchanged. Complementarily, we examined between-group differences in functional connectivity from DC by using a two-sample t test, but found no significant difference between OCD and HC (a voxel height threshold of p<.001, and the cluster-size threshold of p<.05 FDR corrected).
Discussion
OCD patients exhibited a more profound impairment of cognitive flexibility (set shift impairments) than HC. These results are consistent with previous findings (Cavedini et al., 2010; Chamberlain et al., 2007; Shin et al., 2014) . The main findings of this study were that OCD patients have different associations between the abilities of cognitive flexibility and resting state functional networks from DC to dACC and AI when compared with HC (Table   2 ). Increased functional connectivity from DC to these brain regions was associated with poorer performance of cognitive flexibility in the OCD group, but better performance in the HC group (Table 2, Figure 1 ). Controlling for non-PE related scores did not alter these results.
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As far as we know, this is the first study to show a different association between functional connectivity from DC to the central nodes of SN and impaired cognitive flexibility in HC and medication-free OCD patients.
Participants of this study exhibited no significant group differences in functional connectivity from DC between diagnostic groups, in line with a previous rsfMRI study of drug-free OCD (Sakai et al., 2011) . These results are in contrast to a part of previous studies of OCD using rsfMRI. Several previous studies reported increased (Posner et al., 2014) or decreased functional connectivity (Vaghi et al., 2017) between DC and some cortical regions.
This discrepancy may be due to a few reasons. It could be due to methodological differences in seed ROI placement and in the threshold of correction of multiple comparisons. Another factor could be due to confusion of medicated subjects, which could have widespread effects on functional connectivity (Posner et al., 2013) . Additionally, different OCD symptom dimensions could have different functional connectivity patterns (Harrison et al., 2013) .
These factors could confuse the findings in the simple between-group comparisons of a part of previous studies.
Different from our hypothesis, there was no significant difference in the association between the patterns of functional connectivity from the amygdala and cognitive inflexibility in OCD compared to HC. Previous task fMRI studies of OCD reported increased amygdala activation during working memory and response inhibition tasks (De Vries et al., 2014; De Wit et al., 2012) . However, aberrant activity in the limbic network might be especially apparent when experiencing OCD symptoms or during specific cognitive tasks, therefore, that influence may not appear in the resting state (van den Heuvel et al., 2016) . Additionally, a previous rsfMRI study reported that alteration of the limbic network was especially associated with the aggression symptom dimension (Harrison et al., 2013) . It is a possibility that the heterogeneity of our OCD patients and the characteristics of the cognitive flexibility task could have affected J o u r n a l P r e -p r o o f our results. Further research to explore the role of the amygdala during rest and during cognitive processing in the pathophysiology of many cognitive deficits in OCD is needed.
In our results, there were inverse relationships between patients and HC groups in resting state functional connectivity from DC and impaired cognitive flexibility. It is hypothesized that DC is more selectively associated with working memory and executive function; in contrast, PUT is more selectively associated with motor and response inhibition (Milad and Rauch, 2012; Robbins et al., 2012) . In our HC, increased functional connectivity from DC to AI and dACC as central nodes of SN was associated with better performance (Table 2, Figure 1 ). It is known that AI and dACC are thought to play an important role in detection of the external or internal saliency, error detection, conflict monitoring, modulating behavior, and coordinating dynamic neural network interactions (Ide et al., 2013; Jiang et al., 2015; Klein et al., 2013; Uddin, 2015; Uddin et al., 2011) . A previous task-fMRI study using WCST also showed that DC and dACC are selectively activated when receiving negative feedback (Monchi et al., 2001 ). Furthermore, our HC results may agree with previous studies showing that stronger task-related functional connectivity of the CSTC circuit, including the dorsal striatum, was associated with better cognitive flexibility (Berry et al., 2018) , and that functional connectivity of SN was positively correlated with cognitive flexibility (Muller et al., 2015) .
In contrast to the HC group, increased functional connectivity from DC to SN was associated with poorer performance of cognitive flexibility in the OCD group (Table 2, Figure 1) . A previous study on OCD showed that increased caudate activity was positively correlated with the errors on WCST (Lucey et al., 1997). Furthermore, altered brain networks including the caudate nucleus (Hou et al., 2014) and hyperactivation of cognitive control networks, even in low load cognitive processing (De Vries et al., 2014) , could reflect neural inefficiency as a genetic vulnerability of OCD. It has been shown that SN modulates other large-scale intrinsic networks in a hierarchical setting (Zhou et al., 2018) , especially that the right AI has a causal effect on important nodes of DMN and FPN (Uddin et al., 2011) . It is a possibility that increased connectivity to SN has a different effect on the cognitive functions of healthy individuals and individuals with a genetic vulnerability to cognitive inflexibility. Based on our results, the increased connectivity in healthy individuals may reflect appropriate cooperation between cognitive control network s to improve cognitive flexibility during task processing. In contrast, brain dysfunction due to genetic vulnerability to OCD may disable the function of these compensatory mechanisms that target restoring network cooperation, and contrarily, may lead to an imbalance between other cognitive control functional networks that have a negative effect on cognitive flexibility as multidimensional cognitive functions.
Additionally, many other abnormalities of large-scale brain networks in OCD (Gursel et al., 2018 ) may also alter cognitive processing such that the functional connectivity improving cognitive flexibility in HC may also lead to an imbalance in the context of these changes. In cognitive processes, these dysfunctions may affect especially the salience detection and error-related behavioral modules, because both of them are essential elements to guide cognitive flexibility (Figure 2 ). However, we can't conclude whether our findings represent a genetic neural basis of the disorder or not. Further studies including not only OCD patients but also their first-degree unaffected relatives are needed to clarify whether these brain networks associated with cognitive flexibility represent a genetic basis of OCD.
The traditional CSTC circuit model associates certain pathways in the cooperation of direct and indirect pathways based on the cytoarchitecture of the striatum receiving projections from many cortical regions with a role in action selection and action inhibition (Benarroch, 2016) . Beyond these classical parallel CSTC pathway models, it is gradually becoming clear that dynamic cooperative and competitive interactions of large-scale functional cortical networks and subcortical regions might realize appropriate cognitive control and behavior (Cerliani et al., 2015; Cocchi et al., 2013; Rieckmann et al., 2018) . This is the first study to J o u r n a l P r e -p r o o f 18 show different associations between functional connectivity from DC as the central node of dorsal cognitive circuits to SN and impaired cognitive flexibility in HC and medication-free OCD. This study could extend understanding of the mental flexibility necessary to generate complex human behaviors in response to external situations.
Several limitations are present in our study. First, though we measured cognitive flexibility by WCST, which mainly measures the set-shifting ability, WCST potentially includes various kinds of cognitive functions, such as working memory, inhibition, and attention. Therefore, it has been criticized for its non-specificity (Meiran et al., 2011) . We examined the brain network associated with only the %PE scores among many cognitive domains, and therefore, we could not conclude whether our findings are specifically associated with impairments of set shifting or of broad cognitive impairments. Moreover, a recent meta-analysis revealed a possibility that previous neuropsychological findings were not adequate to infer specific cognitive flexibility (Fradkin et al., 2018) . In consideration of the difficulty of measuring cognitive flexibility, future work using the many types of cognitive functions that compose cognitive flexibility is needed. Second, we did not consider OCD symptom heterogeneity.
Previous studies showed that different OCD symptom dimensions could cause different neuropsychological deficits (Hashimoto et al., 2011; Kashyap et al., 2017) and biological substrates (Harrison et al., 2013; Mataix-Cols et al., 2004) . To identify the biological heterogeneity of symptomatology, we should examine the resting state network with a larger subject sample. Finally, we focused on impaired cognitive flexibility from previous endophenotype studies, but our study did not include unaffected siblings. Further studies including unaffected relatives are needed to clarify whether these brain characteristics underlying cognitive flexibility represent a genetic basis of OCD or are the result of a compensatory mechanism for OCD symptoms. Despite these limitations, our results extend the understanding of the neural bases of human mental flexibility. Future work should extend our findings by using a larger sample and other types of neurocognitive assessments.
Conclusion
In summary, we found that impaired cognitive flexibility in OCD patients and HC have Table 2 Group difference in functional connectivity associated with impaired cognitive flexibility (%PE) 
Cluster size after applying voxel height threshold of p<0.001; cluster-corrected threshold of p<0.05 false discovery rate (FDR) corrected.
Peak coordinates are given in MNI space. PUT, putamen; DC, dorsal caudate; L, left; R, right
